The bacterial flagellar motor is an amazing nanomachine. Understanding how such complex 26 structures arose is crucial to our understanding of cellular evolution. We and others recently 27
Introduction 48
The bacterial flagellar motor is one of the most famous macromolecular machines, made up of 49 thousands of protein subunits that self-assemble in a highly-synchronized manner into a motor, a 50 flexible hook, and a long extracellular filament that rotates in a propeller-like fashion to move the 51 cell (1) . The process of how these different parts assemble has been studied extensively using 52 different biophysical and biochemical methods (2-7). These studies have resulted in the current 53 "inside-out" model which starts with the assembly of an inner-membrane-embedded type III 54 secretion system (T3SS) export apparatus, a membrane/supramembrane (MS) ring, a cytoplasmic 55 switch complex (aka C-ring) and a periplasmic rod which connects the MS ring to the extracellular 56 hook. The P-(peptidoglycan) and L-(lipopolysaccharide) rings surround the rod in the periplasm 57
and are thought to act as a bushing during rotation. Finally, the hook is connected by junction 58 proteins to the long filament. While almost all species have this conserved core, different species 59 can have additional cytoplasmic, periplasmic and extracellular components (8-12). For example, 60 in some species (like Vibrio spp.) the P-and L-rings are decorated by five proteins (MotX, MotY, 61
FlgO, FlgP and FlgT) (13, 14) . In other species, like Legionella pneumophila and Pseudomonas 62 aeruginosa, the P-ring is decorated by a ring formed by MotY (9) . 63 64 Much less is known about the process of flagellar disassembly, though it is known that 65
Caulobacter crescentus ejects its flagellum and pili at a specific stage of its life cycle (15). We 66 and others also recently reported that different Gammaproteobacteria species lose their flagella 67 when starving or due to mechanical stress (7, (16) (17) (18) . Interestingly, in situ imaging using cryo-68 electron tomography (cryo-ET) showed that this disassembly process leaves an outer-membrane 69 associated relic sub-complex consisting of the decorated flagellar P-(peptidoglycan) and L-70 4 (lipopolysaccharide) rings (referred to henceforth as PL sub-complexes). These PL sub-complexes 71 plug the hole in the outer membrane that might otherwise be present after the flagellum 72 disassembles. However, it remains unclear whether these PL sub-complexes only persist in 73 Gammaproteobacteria or if the phenomenon is more widespread. 74
75
Here, using a combination of cryo-ET (19) and subtomogram averaging (20, 21) we show that the 76 PL sub-complex persists in nine additional bacterial species including Vibrio cholerae, Vibrio 77 harveyi and Vibrio fischeri (sheathed Gammaproteobacteria); Hyphomonas neptunium, 78
Agrobacterium tumefaciens, Caulobacter crescentus (Alphaproteobacteria); Hylemonella gracilis 79 (Betaproteobacterium); Campylobacter jejuni (Epsilonproteobacterium); and Acetonema longum 80 (Firmicutes). Bioinformatics analyses further show that the P-and L-ring genes are ancient and 81 diverged separately in each species (were not recently transferred horizontally). Together these 82 results suggest that the outer-membrane-sealing role of the PL sub-complexes is ancient and 83 widely conserved. 84
85

Results: 86
To examine the generality of PL sub-complex persistence, and how the presence of a membranous 87 sheath surrounding the flagellum might affect this process, we used cryo-ET to image nine 88 additional bacterial species from four new classes ( Fig. 1 ). All previously described PL sub-89 complex subtomogram averages have been of species with unsheathed flagella: Shewanella 90
oneidensis, Legionella pneumophila, Pseudomonas aeruginosa, Salmonella enterica and 91
Plesiomonas shigelloides (7, 16, 17) ( Fig. S1 ). All of these feature a crater-like structure in the 92 outer membrane (see examples in Fig. S1 ), sealed across the bottom by either the P-or L-ring 93 proteins or additional, as-yet-unidentified molecules. This presumably is to avoid an ~ 20 nm pore 94 in the outer membrane, which might be detrimental to the cell. For this reason, we were first 95 interested in whether there would be similar discontinuities in the outer membrane in species with 96 sheathed flagella (in which the flagellum does not always penetrate the outer membrane). Images 97 of individual PL sub-complexes in V. cholerae and V. fischeri have been published (16), but no 98 subtomogram averages are available. Thus we first imaged the three Gammaproteobacterial 99 species V. cholerae, V. harveyi and V. fischeri, whose flagella are sheathed. As expected, we 100 observed that the outer membrane of all three Vibrio species bent and extended to sheath the 101 micrometers-long extracellular flagellar filaments (Fig. 2 a-c). At the base of these filaments, 102 flagellar motors were clearly visible. Next to the fully-assembled motors, we occasionally 103 observed PL sub-complexes ( Fig. 2 d-f ). Sub-tomogram averages of these sub-complexes 104 confirmed that they indeed consist of the embellished P-and L-rings ( Fig. 2 In addition, the structure of the PL sub-complex in V. harveyi has an extracellular ring located just 110 above the outer membrane ( Fig. 2 I, blue arrows). Such a ring is also present in the fully-assembled 111 sheathed motor also ( Fig. S2 , blue arrows). However, while the diameter of this ring is 30 nm in 112 the PL sub-complex, it has a diameter of 36 nm in the fully-assembled motor suggesting that this 113 ring collapses upon flagellar disassembly. The presence of extracellular rings has previously been 114 described in the unsheathed motor of S. oneidensis (9), and the sheathed motor of Vibrio 115 alginolyticus (22). Importantly, the structure of the PL sub-complex from S. oneidensis has an 6 extra density located just at the membranous discontinuity resulting from disassembling the 117 flagellum ( Fig. S1 a) . This density in S. oneidensis may also be due to the collapse of the 118 extracellular ring present in the full motor. 119 120 After this comparison of the PL sub-complexes in the sheathed and unsheathed flagella of 121
Gammaproteobacteria, we were interested in whether PL sub-complexes are specific to 122 Gammaproteobacteria or present in other classes in the Proteobacteria phylum. We therefore 123 examined five more species: Hyphomonas neptunium, Agrobacterium tumefaciens, and 124
Caulobacter crescentus (Alphaproteobacteria, (Fig. 3 a-t)); Hylemonella gracilis 125 (Betaproteobacterium, (Fig. 4 a-d)); and Campylobacter jejuni (Epsilonproteobacterium, (Fig. 4 126 e-f)). PL sub-complexes were observed in all of these species with the characteristic bend in the 127 outer membrane and a plugged base similar to their Gammaproteobacterial counterparts. In C. 128 jejuni, an inner-membrane-associated sub-complex of the flagellar motor (constituting the MS-129 and C-rings, the export apparatus and the proximal rod) was present in the vicinity of the PL-sub-130 complex in a pattern reminiscent to what has recently been reported in L. pneumophila (7) (see 131 movie S1 and Fig. S3 ). 132
133
Having established that PL sub-complexes are widespread in Proteobacteria, we next looked for 134 them in Acetonema longum, a diderm belonging to the class of Clostridia in the Firmicutes phylum. 135 PL sub-complexes were found in A. longum as well ( Fig. 4 g-h) . 136
137
The presence of PL sub-complexes in diverse bacterial phyla could be because it is an ancient and 138 conserved feature, or because the P-and L-ring proteins were recently horizontally transferred. To 7 explore these possibilities, we performed an implicit phylogenetic analysis on all species in which 140 PL sub-complexes have been found (by cryo-EM, 15 in total including the species described here 141 plus those in Refs. (7, 16, 17)). We compared the sequence distances amongst FlgI's (P-ring 142 protein) and amongst FlgH's (L-ring protein) as well as 25 single-copy well-conserved proteins 143 (as previously described in Ref. (23)). This allowed us to investigate how P-and L-ring proteins 144 evolved compared to the reference 25 proteins (24). If the sequence distances amongst FlgI (or 145
FlgH) proteins in two species is smaller than the 25 reference proteins, this indicates a horizontal 146 gene transfer event (24). This analysis of pairwise comparisons of the investigated species showed 147 that the sequence distances between FlgH proteins is at least as divergent as the 25 reference 148 proteins, and therefore there is no evidence of horizontal gene transfer between these species (Fig.  149 5 a and Table S1 ). This same result was seen for FlgI ( Fig. 5 b and Table S2 ). 150
151
In Shewanella putrefaciens and Plesiomonas shigelloides two copies for FlgI and FlgH were 152 annotated. For both species and both genes, one copy showed more similarity to the nearest relative 153 (S. putrefaciens FlgI: A4Y8M8, FlgH: A4Y8M9; P. shigelloides FlgI: R8AUG5, FlgH: R8AUH3, 154 referred to as the primary copy). On the other hand, the other copy (referred to as secondary copy) 155 showed more divergence to any studied organism (S. putrefaciens FlgI: A4YB38, FlgH: A4YB39; 156 P. shigelloides FlgI: R8AS48, FlgH: R8AS34, see Figs. S4 & S5 and Tables S3 & S4 ). While two 157 copies of these genes existed for these organisms, no evidence of horizontal gene transfer was 158 present amongst the studied species implying that one of the copies could be due to a horizontal 159 gene transfer from another species not included in this study or is a result of a gene duplication during the motor evolution, they were probably not present at first (23). The P-and L-rings have 183 been thought to act as bushings supporting the rotation of the rod. The discovery that they persist 184 after flagellar disassembly in an altered, sealed form, suggested an additional function -perhaps 9 they remain to seal what would otherwise be a hole in the outer membrane. Here we have found 186 that PL sub-complexes are widespread amongst Bacteria and ancient (not the result of recent 187 horizontal gene transfers). This indicates that the putative outer-membrane-sealing function is 188 important enough to have been conserved since the diversification of bacterial phyla. 189
190
In addition, we showed that in species with sheathed flagella, the outer membrane remained intact 191 above PL sub-complexes, but the base of the PL sub-complexes was nevertheless apparently sealed. We thank Catherine M. Oikonomou for reading the manuscript and for the insightful discussions. 
